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SECTION I

INTRODUCTION

40
During the years 1988-1989, progress on understanding plasmoid formation

and propagation occurred in two areas of inquiry: an analytical model for the dynamics

of the core and halo of a long, thin plasmoid and simulation models of plasmoid

formation and propagation.

An analytic approximation was found for the internal dynamics of a long,

thin propagating plasmoid. The plasmoid model studied has been termed the "Ar-

row" model1 and consists of a confined, current carrying core and an expanding halo

carrying return currents (Figure 1.1). The analytic model has the basic result that

the halo expansion velocity is nearly constant and determined by the sound speed in

the core,

Vo =T Vt 21n/o)/

* where V)h - 9,M 1/2 is the sound speed, kT. is the electron temperature, Mi., is the

ion mass and Ro and ao are the initial halo and initial core radii respectively. From

this model the core has been found to expand slowly with respect to the halo,

* a = a ((ln R/a) / ln(R./ao))3 /2 s (1.2)

where a is the core radius and R is the halo radius. So this gives

a oc (In t)/2  
(1.3)

0
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Figure 1.1. An arrow plasmoid. This plasmoid model was'first proposed

by Tom Lockner of Sandia National Laboratories.
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for R >> a. This model demonstrates that the expansion rate of the plasmoid halo

is a controllable parameter in the long, thin limit and that, within this limit, the core

radius will not change much in time.

Simulations of the formation and propagation of an arrow type plasmoid

have been performed in two-and-one-half dimensions using the EM PIC code MAGIC,

and in three dimensions with the EM PIC code SOS. After many attempts to launch

a plasmoid, a prescription was found for forming a plasmoid that would propagate

and form a halo-core configuration. This effort resulted in a short movie which now

exists in the form of a videotape.

In the remainder of this report, detailed discussions of the analytic model

will be given as well as a discussion of progress in simulation efforts. The final chapter

will summarize the results.
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SECTION 2

A MODEL OF CORE-HALO DYNAMICS IN A PROPAGATING

PLASMOID

As part of the research progress made in 1988 and 1989, a useful analytic

approximation to the dynamics of the core and halo of an arrow-type plasmoid (see

Figure 1.1) has been developed. This model agrees well with numerical simulations

and allows rapid estimation of the expansion of such a system during free-space prop-

agation.

0 The model demonstrates that the speed of expansion of a halo is nearly

constant and is well approximated by

Vo = Vth (2 In (Ro/a 0 ))1/' , (2.1)

where V~h is the thermal velocity of the ions and R. and a, are the initial halo and

core radii, respectively. Based on this model, it appears that plasmoids can be made

to propagate long distances with a tightly pinched core if plasma temperatures are

kept low.

2.1 BASIC EQUATIONS

We begin by assuming an arrow-type plasmoid as shown in Figure 1.1 with

a core satisfying an equilibrium relation,

I 2/c' = 2NkT, (2.2)
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where I is the plasmoid current, c is the speed of light, kT is the gas temperature

(assuming identical temperatures for both ions and electrons), and N is the total

number of particles per unit length in the core.

Such a core equilibrium is not possible without a path for the return current.

In the arrow plasmoid, this return current path is provided by the halo. However, the

halo encloses the magnetic field of the core and will expand due to magnetic pressure.

The radius of the halo (assuming it is an infinitesimal layer) is found for the

J x B force on a single ion to be

Mo~atR = eVd x Be , (2.3)

where R is the halo radius, Mi., is the ion mass, eVd is the current divided by the

number of charge carriers per unit length, e is the electron charge, and Be is the

magnetic field, Be = 21/cR. We have

a 212 1
R = NmcR (24)

The magnetic flux in the halo-core system is assumed to be conserved and

the plasmoid is assumed to be long and thin. This leads to the expression,

I = I. ln(R/a)/ ln(Ro/a 0 ), (2.5)

where a is the core radius.

The sound transit times in the core are assumed to be very short so that the

core can adjust continuously to the change in current. This will mean that Equation

2.2 will be in effect continuously. The core pressure is given by the adiabatic law,
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0

P = P. ( n/3 ,(2.6)

where n is the number density, or number of charge carriers per unit length in the

* core divided by the area of the core, n = N/7ra 2 . Using P = nkT, we have

kT =kT0 (1n) 2/3 (2.7)

Using Equation 2.2, we have

I = (ao/a)2/3, (2.8)

which gives us, through Equation 2.5,

a = a, (In(R/a) /ln(R./a.)).3 /2  (2.9)

2.2 APPROXIMATE SOLUTION OF THE SYSTEM

We can now write the equations for the halo-core dynamics,

a 2 R 21.2 r (n(R./ak)) 12 1
* R= NMc2  ln(R/a) . R' (2.10)

a = ao(ln(R/a)/ ln(R/a)) 31/2 . (2.11)

In Equation 2.11, we can see that a changes very little as R changes. Therefore, we can

obtain an approximate solution by letting a be constant in Equation 10. We obtain
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a'R C 1 (.2t (in R/a.,)2 R (.2

with C = (2 In R,/a.) 2I2/NMC2 . This can be integrated once by multiplying both sides

by atR. We then obtain

2 aR = C/lIn(R/ao,)IR. (2.13)

This can be written

atR~ = _. ln(R./ao,) 1/2 (.4
* a~R = V0 ~1 ln(R/a 0)) '(.4

where we have,

V. = (41I2 ln(Ro/a,) /Nmc 2) 2  (2.15)

By Equation 2.2, this can be written

Vo = (2 ln(R./a 0 )kT/m)1 / (2.16)

In the limit R > R0 , we can expand binomially to first order,

atR = V.' 1 l / n(R./a0 ) (2.17)
(iI 2 n(R0/a 0 ))

In this limit, the logarithmic term will change very slowly; therefore, we can substitute

R =V~t* where t* = t + to and t0, = R/V.. We integrate to obtain

R = V~t* - -a. In(R. / a) (Li (r) - Li (R. / ao)) (2.18)
* 2
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where r = Vot*/ao, and Li(r) is the logarithmic integral function. This is our approx-

imate solution in the limit R >> R,.

2.3 PROPERTIES OF THE APPROXIMATE SOLUTION

The approximations used to find Equation 2.18 are certainly good in the

limit R >> Ro; however, they must give an over-estimate of R. The quantity a will al-

ways be larger than a., making the quantity R/a smaller and the quantity ln(Ro/ao)/

ln(R/a) larger. Also, the binomial expansion of the square root will over-estimate the

value of small R. Thus, the approximate integral of Equation 2.14 will be an over-

estimate of the true integral. The most important feature of our analytic solution is

that it predicts R - Vot; that is that R will expand at nearly a constant velocity,

and that this velocity is just a geometric factor, (In Ro/a,) /2, times the core ion

thermal velocity. This shows that cooling the core plasma and lowering the aspect

ratio of the halo and core radii can strongly reduce the expansion of the halo, allowing

long-distance propagation.

The accuracy of the analytic solution can be seen by comparing it with nu-

merical solutions for a plasmoid system found at Sandia Laboratories and described in

Reference (2). For the case, L = 22kA, R. = 1 m, a. = .1 m, we obtain the result, kT

= 100eV. Best agreement between the Sandia results and the analytic solution was

obtained by reducing I in the analytic solution by a factor of .825. This can be un-

derstood as compensation for early core expansion, which will lower current. When

this factor is applied, it can be seen in Figures 2.1 - 2.3 that agreement between the

Sandia results and the analytic model is excellent.

The core expansion rate is slow and is given approximately from Equations

2.9 and 2.18 as

a = a0(In((Vot*)/a)/ ln(Ro/ao))3/ '  (2.19)
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SECTION 3

SIMULATIONS OF PLASMOID FORMATION AND PROPAGATION

3.1 PROGRESS IN SIMULATIONS OF PLASMOIDS

Efforts to simulate plasmoids were begun on the Mission Research Corpora-

tion MicroVax using the fully electromagnetic particle-in-cell code MAGIC.3 The code

MAGIC was modified to emit beams of particles corresponding to models of plasmoid

structure worked out in previous research.2 The MicroVax was used because it allowed

rapid turnaround of calculations and many short-range propagation calculations to be

done at a minimum cost. These calculations laid the groundwork for larger and longer

calculations to be done on a Cray supercomputer. These calculations were successful

and produced plasmoids that formed and propagated several meters as a unit. How-

ever, it was found that the emitted beams had to be programmed carefully to avoid

complete disintegration of the plasmoid. In particular, it was found that large build-

ups of space charge, however transient, had to be avoided in order to form a stable

plasmoid. The process can be summarized as the creation of a pattern of flowing net

* currents with no breaks in the plasma carrying the current. Once this was learned, the

MAGIC calculations were transferred to the Cray and this resulted in the production

of a movie showing the formation and propagation of a plasmoid.

3.2 A TECHNIQUE FOR SUCCESSFUL FORMATION OF

PLASMOIDS

The successful formation of plasmoids for MAGIC simulations requires a

programmed emission of ion and electron beams whose properties are correlated. Cen-
tral to this attempt to form plasmoids was the concept that plasmoids are a latural

and fundamental mode of propagating plasmas in vacuum, and that if conditions in
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* a system of ions and electrons were produced that were sufficiently close to an ideal
"plasmoid mode," then the system would rapidly relax into the ideal plasmoid mode

and propagate. Therefore, it was expected that if the electron and ion beams were to

form a plasmoid, the beams would have to have correlated velocities and densities plus
40 some excess particles that would allow the system to dissipate energy in relaxation.

After many attempts, it was found that successful formation of a plasmoid

required firing a sequence of ion and electron beams with "arrow-like" spatial and

velocity profiles and a slight excess of negative charge in the halo region. To form an

arrow-like plasmoid, we must launch a core and halo region containing counter-flowing

and globally cancelling net currents and two "endplates" to provide an unbroken path

for currents to flow. Ideally, this plasmoid will be formed as a cylinder surrounded

by an annulus with plates on the ends. Upon propagation, the annulus will expand,

forming the halo, and the cylinder will contract to form a pinched core. The sequence

of events for forming an arrow plasmoid is shown in Figure 3.1.

Temperature is given both electrons and ions so the core will satisfy the

equilibrium virial relation',

i2/C _ Q2 = 2NkT , (3.1)

in all frames. Here, I and Q are net current and charge per unit length, respectively

(typically, Qc/I << 1).

The ion and electron beams were originally emitted together with zero ve-

locity difference for a short period over a broad radial area with a spatial density

profile,

n -- n,(l - r2/ro) , (3.2)
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end cap formation, no net currents, (B) annular halo and core
formation net currents included by relative velocities between
ions and electrons. (C) second end cap formation. Solid

arrows indicate net currents, open arrows indicate center of

mass motion.
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where n is the particle density, no is a peak density, r is a radius, and r, is a radius

where the beam density goes to zero. This quadratic profile for the beam was found

to be necessary for plasmoid formation; square profile beams exploded immediately.

As shown in Figure 3.1, the broad area of plasma propagating forward is the front

endplate of the arrow. The beams of ions and electrons were then emitted for a

period with a gap in the density pattern at r/ro = (the radius of 1/2 beam current

for quadratic profile), and ions inside this radius were given a slight enhancement of

both velocity and density over the electrons. Outside the gap radius, electrons were

given a slight density enhancement (slightly more than required to balance the core

ion enhancement) and a slight velocity enhancement. This pattern created a distinct

core and halo region with oppositely flowing and globally cancelling currents. The

final sequence of beam emission was a repeat of the front endplate beam to allow for

a back endplate, thus providing an unbroken region of plasma to connect the core and

halo.

Results of these programmed formation sequences can be seen in Figures
0 3.2 - 3.3. These figures show the propagation, current, and charge distribution of

a plasmoid. At the end of the simulation, distinct halo and core regions appear to

have formed, with the core expanding slightly and the halo expanding rapidly, but

maintaining an unbroken path for current. In addition, radial integrals of current and

charge show that although large regions of current and charge exist in the plasmoid, its

net current and charge is very small. Core expansion is expected in these simulations

as shown by our model in Chapter 2. However, in longer propagation runs, it is

* expected that the core expansion rate will drop markedly, as is also predicted by the

model.

Simulations of these plasmoids were performed on a Cray, and we produced

in a short movie. This movie has been included as part of this report.

The slight imbalance of negative charge in the outer halo is to insure that

the halo w:ill be a net emitter of particles and thus energy. As was discussed previously,

the plasmoid is conceived of as a relaxed state. This means it must have a way of
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Figure 3.3. Radial integrals of current and charge in a simulated

* plasmoid; note that both integrals peak at roughly .15 meters

radius and then decline to near zero. This shows core-halo

division as expected. Note also that, inexplicably, net current

is negative, while net charge is positive.
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radiating excess energy and particles as it relaxes. By providing an excess of electrons,

we provide an avenue for the escape of energy. The slight imbalance of negative charge

also insures that electrons will not be emitted from the boundaries of the problem and

come "crashing in" from large radii to the plasmoid, heating and disrupting it.
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* SECTION 4

THREE-DIMENSIONAL PLASMOID SIMULATIONS

4.1 SIMULATIONS USING THE CODE SOS

Plasmoid calculations were attempted in full three-dimensional space using

the fully electromagnetic PIC code SOS4 . The code SOS can operate on the Los

Alamos Cray and can perform plasma simulations in fully three-dimensional space.

SOS is similar to the code MAGIC, and the algorithms used to form plasmoids: the

* beam forming and programmed emission software, could be moved from MAGIC to

SOS. The only major difference between the SOS and MAGIC simulations was a factor

of four lower internal temperature in the plasmoids simulated by SOS together with

lower net currents and charge densities compared to the MAGIC simulations. These

* measures allowed successful plasmoid creation using SOS.

Initial success was achieved in forming and propagating plasmoids of several

meters, using models from MAGIC; however, the Los Alamos operating system was

undergoing changes during this period and these changes, having to do with data

allocation, began causing simulations to terminate prematurely without being able

to recover. This behavior began abruptly and caused runs that had formerly run

without difficulties to terminate in their late stages. These problems forced us to run

only short simulations and consumed much time as we tried to remedy the problems

encountered in long runs. As a result, only a few plasmoid simulations could be done

successfully. Therefore, the successful simulations must be regarded as preliminary

results, although the plasmoid behavior observed was very similar to that observed in

the MAGIC simulations using rotational symmetry.

Despite the preliminary nature of the SOS results, it is of interest that

SOS allowed cross sections of the plasmoid structure to be seen easily. These cross
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sections confirmed the core-halo structure of the plasmoid, showing a hollow sheath

surrounding a diffuse core. Evidence for an m=4 bunching in the halo was also seen.

A background magnetic field of 1 gauss was applied in the simulations;

however, the simulations that were successfully completed did not run long enough to

show electron dynamics through an electron cyclotron period. Unfortunately, longer

runs would not complete due to abrupt changes in the Los Alamos system. The

electron cyclotron period is 3.57 x 10 - 7 seconds, and the successful simulations lasted

only 3 x 10-8 seconds. This means that effects due to the Earth's magnetic field,

which we had desired to simulate and which would occur on time scales of an electron

cyclotron period, will not appear.

4.2 RESULTS OF SIMULATIONS

The results of the plasmoid simulations can be summarized by the following

output: x2, x3 (z,y) griding for the plasmoid runs is shown in Figure 4.1. The plasmoid

was launched in the xl (x) direction from the x2, x3 (z,y) plane. Only the top half

of the griding in the x2, x3 (zy) plane is shown. The griding for the xl (x) direction

is uniform. The four-fold symmetry of the griding may form an m = 4 perturbation

that predisposes the halo to form this pattern late in the simulation. The rectangular

griding reflects the fact that the simulation was done in cartesian coordinates to avoid

the singular behavior that occurs at r = 0. The formation and propagation of the

plasmoid is seen from the side in Figures 4.2 and 4.3. Cross sections of the plasmoid

showing its radial structure at origin and at the end of propagation distance are

seen in Figures 4.4 and 4.5. It can be seen that a core and halo structure exists in

these simulations and that a possible m = 4 filamentation of the halo has occurred

after propagation of 2.5 meters, although this effect may be imposed by the four-fold

symmetry of the griding.
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Figure 4.1. The x2, x3 (Z,y) griding of the plasinoid problem. Griding in

* the xjL (x) direction is uniform. Only the top half of the x2,

x3 griding is shown. -
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Figure 4.2. The initial beams for forming the plasmoid as they are

0 emitted.
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sos versLon: october 1988 dote: 89/05/06
sLmuLcLLon:
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Figure 4.3. Final trajectory plots for a plasmoid. The plasmoid is seen

impacting on the wall at 2.5 meters in. The trail of particles

behind the plasmoid is a group of electrons and ions .emitted

after main beam shut down and are considered spurious since

their total charge and current is negligible.
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Figure 4.4. Cross section of the plasmoid at impact at 2.5 meters.

The cross section shows clear core-halo structure with the

suggestion of m =4 filamentation in the halo.
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SECTION 5

SUMMARY AND CONCLUSIONS

The effort to understand plasmoid formation and propagation has been

largely successful. The Arrow model of the plasmoid, consisting of a pinched core

and an expanding halo, appears to form and propagate stably when launched prop-

erly. However, one of the original goals, the demonstration of significant propagation

of a plasmoid across a magnetic field, was not achieved. Despite this, progress was

made in three areas:

1. An analytic model of core-halo dynamics was formed and was able to

duplicate results of earlier simulations. This model gives the result that

a - (InR/)- '  (5.1)

where a and a, are the core radius and initial core radius, respectively, and R is the

halo radius. We also have

R - Vth (5.2)

where Vth is the core initial thermal velocity and t is time. These results suggest that

plasmoids can propagate for long distances and still maintain a tightly pinched core,

since the core radius will expand roughly as a - (In t)'/ 2 late in time.

2. Formation of plasmoids requires initialization of current while avoiding

the possibility of large charge separations. This was done by initially launching a

plug of neutral plasma with electrons and ions at the same forward velocity and beam

spread, followed by a core and halo set of beams consisting of electrons and ions

at slightly (- 5%) differing velocities and with a slight imbalance of charge. In the

5-1



* core this charge imbalance favors the ions but electrons carry more current, and in

the halo the opposite arrangement between electrons and ions occurs, except that

the electrons are slightly more abundant than would give total charge balance to the

plasmoid. The plasmoid thus sheds electrons initially. A final charge and current
* neutral plug of plasma is emitted to complete the plasmoid.

3. Propagation of plasmoids as a core-halo system for distances of meters

has been demonstrated in two and half dimensions. Preliminary results of plasmoid

0 propagation in three dimensions indicate that such propagation is possible for meters

with the possibility of filamentation occurring in the halo.

In conclusion, our studies strongly suggest that the Arrow model of a plas-

moid warrants further study and might also be a candidate for experimental study.

0

0

0

0

0
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